ABSTRACT rapl/Krev-1 is a p21-related GTP-binding protein that has been implicated in the reversion of the ras-transformed cell phenotype. We have identified a GTPaseactivating protein (GAP) specific for rap in plasma membranes isolated from differentiated HL60 cells. The rap GAP activity remained quantitatively associated with the membrane following washes with buffered 1 M LiCl containing 20 mM EDTA but was solubilized with the detergents Nonidet P-40 and deoxycholate. On the basis of size-exclusion chromatography, the membrane-associated rap GAP (rap GAPm) appeared distinct from the rap GAP detected in the cytosolic fraction from HL60 cells. The molecular sizes of the membrane and cytosolic forms were estimated to be 36 and 54 A, respectively.
rac-1 and did not stimulate dissociation of guanine nucleotide from rap.
There are at least 25 distinct low molecular mass GTPbinding proteins in eukaryotic cells (reviewed in refs. 1, 2). These proteins, sometimes referred to as the ras superfamily, all exhibit homology to p2lras, particularly in regions of primary structure known to be involved in the binding and hydrolysis of GTP. Although mutant and viral forms of p2lras have been implicated in certain neoplasias (reviewed in refs. 3, 4), a role for most of the ras superfamily members in normal cellular functioning has not been clearly established. The characterization of GTPase-activating protein (GAP), a cytosolic protein that stimulates the GTPase activity ofp2lras (5-7), may help to elucidate the signaling system in which p21rS participates. If GAP is indeed the downstream effector target of p2lras, as has been suggested (8, 9) , then the identification of proteins that interact with or are affected by GAP will contribute to the understanding of p2lras function. For example, GAP may function in tyrosine kinase signaling systems (10, 11) , suggesting the involvement ofp21rs in these systems. In addition, recent evidence suggests that GAP can inhibit the coupling of muscarinic receptors to K+ ion channels (12) . This inhibition is dependent upon an interaction between p211S and GAP, suggesting that GAP can mediate signals elicited by GTP-bound p21raS. Thus the characterization of the GAPs specific for other ras superfamily members may also provide clues to their functions.
Cytosolic proteins that stimulate the GTPase activities of the p215-related molecules rho and rap have recently been identified (13, 14) . rho and rap GAP do not stimulate p21as
GTPase activity nor does p2lrnsGAP stimulate the GTPase activity of rho or rap. However, ras GAP and rap do associate with each other with high affinity in vitro (15) . Consistent with this are the observations that p2lras and rap contain identical effector site sequences (16) and that the ras effector sequence is important for its interaction with GAP (17) . This may account for the phenotypic reversion of p21ms-transformed cells when transfected with cDNA coding for rap (18) . To more clearly understand the interplay between p2lras and rap, and their respective GAPs, we have purified rap and used it as a substrate to identify proteins that stimulate its GTPase activity. Here we describe the purification of a rap GAP activity that is tightly associated with the plasma membrane of the promyelocytic HL60 cell. Following the addition of 2 p.l of the rap-[y-32P]GTP complex, the samples were incubated at 23°C for 10 min or for longer periods of time where noted. Reactions were stopped by adding 4 ml of ice-cold 25 mM Tris (pH 7.5) containing 0.1 M NaCl and 5 mM MgCl2 followed by rapid vacuum filtration through nitrocellulose. Filters were washed three times with 4 ml of the same buffer and dried, and the radioactivity was quantitated by liquid scintillation spectroscopy. Typically, 50,000-200,000 cpm remained associated with rap in the absence of GAP activity. Activities are expressed as the percentage of [yy-32P]GTP bound to rap that is hydrolyzed relative to buffer control.
EXPERIMENTAL PROCEDURES
Purification of Proteins. In all cases, protein purification procedures were carried out at 4°C. Purification of the human platelet rap protein used in the assay for the GAP was essentially as described for the purification of rac and G25K
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The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. (19) . Briefly, a particulate preparation of human platelets was extracted with 1% sodium cholate. The extract was chromatographed through DEAE-Sephacel and the GTP-binding activities were assayed as described (19) . A peak of GTPbinding activity eluting at a lower salt concentration than the major peak was pooled and concentrated. This activity was then chromatographed sequentially through Ultrogel AcA-34, heptylamine-Sepharose, hydroxylapatite, and, finally, DEAE-Fractogel. The resulting preparation is shown in Fig.  1 . The amino-terminal sequence was determined from material blotted onto polyvinylidene difluoride as described by Matsudaira (20) .
Purification of rap GAP from HL60 cells was carried out using plasma membranes isolated from =3 x 1010 differentiated cells as described (21) . Membranes were suspended at a protein concentration of 5 mg/ml in 20 mM Tris (pH 8.0) containing 0.5% NP-40, 0.5% deoxycholate, 1 mM dithiothreitol, 1 mM EDTA, 0.2 mM phenylmethylsulfonyl fluoride, and pepstatin and leupeptin at 1 pg/ml. Following a 30-min incubation at 40C the suspension was ultracentrifuged at 200,000 X g for 60 min and the resulting supernatant was adjusted to pH 6.5 with NaH2PO4. The extract was applied to a 10-ml column of S Sepharose equilibrated in S Sepharose buffer [50 mM sodium phosphate (pH 6.5) containing 0.1% NP-40, 1 mM dithiothreitol, 1 mM EDTA, and leupeptin and pepstatin at 1 pg/ml]. The column was washed and eluted with a 150-ml gradient of 0-0.3 M NaCl in the same buffer at a flow rate of 25 ml/hr and fractions of 2.8 ml each were collected. The indicated fractions were pooled, concentrated to 3 ml, and dialyzed against Mono Q buffer (20 mM Tris, pH 8.5/0.1% NP-40/1 mM EDTA/0.5 mM dithiothreitol/ pepstatin and leupeptin at 1 pg/ml). The entire sample was then injected onto a Mono Q HR5/5 column (5 x 50 mm) equilibrated in Mono Q buffer. The column was washed with 12 ml of buffer and then eluted with a 40-ml gradient of 0-0.3 M NaCl in the same buffer and fractions of 1 ml each were collected at a flow rate of 1 ml/min. One peak of GAP activity was eluted in the isocratic wash and a second peak was eluted at =0.3 M NaCl. The second peak was not further purified. The first peak of activity was collected, dialyzed against HAP buffer (20 mM Tris, pH 8.0/0.1 M NaCl/0.1% NP-40/0.5 mM dithiothreitol/leupeptin and pepstatin at 1 ug/ml), and then injected onto a hydroxylapatite HPLC column equilibrated in the same buffer. The column was developed at a flow rate of 1 ml/min with a 40-ml linear gradient of 0-0.2 M potassium phosphate in HAP buffer followed by an isocratic elution with 10 ml of 0.3 M potassium phosphate. Fractions of 1 ml each were collected. The peak fractions from the hydroxylapatite chromatography were combined and concentrated to 0.3 ml and then injected onto an SEC-250 size-exclusion HPLC column equilibrated in 20 mM Tris, pH 8.0/0.2 M NaCl/0.1% NP-40/0.5 mM dithiothreitol/1 mM EDTA/ pepstatin and leupeptin at 1 jug/ml. Elution was carried out in this same buffer at a flow rate of 1 ml/min and fractions of 0.5 ml each were collected.
Electrophoretic Procedures. SDS/polyacrylamide gel electrophoresis (SDS/PAGE) was performed essentially as described by Laemmli (22) . Gels were stained for protein using silver as described by Guilian et al. (23) peptides corresponding to the following sequences: rap-1, DLVRQINRKTPVEKK; rac-1 (19) , CPPPVKKKRKRK; G25K (24) , NVFDEAILAALEPPEPK. The antibodies were affinity purified against their respective immobilized peptides essentially as described by Mumby et al. (25) . The anti-p21l antibody is a mouse monoclonal IgG raised against a synthetic peptide corresponding to the sequence within residues 29-44 contained in p21. This antibody has been characterized previously and designated 6B7 (26) .
Other Procedures. Total protein in pooled chromatography fractions was estimated by staining with amido black as described by Schaffner and Weissman (27) with bovine serum albumin as the standard. Total protein in membrane preparations was determined using the method of Bradford (28) with bovine serum albumin as the standard.
RESULTS
The rap protein used in these studies was purified to homogeneity from extracts of human platelet membranes as de- (Fig. 1) . A. 16-residue aminoterminal sequence obtained from this protein revealed a 100% homology to the amino-terminal sequence predicted from the rapi cDNA (not shown). An IgG directed against a rap 1A carboxyl-terminal sequence, DVLRQINRKTPVEKK, recognized the purified protein as well as a 24-kDa polypeptide present in HL60 cell plasma membranes (Fig. 1) . The purified protein was also recognized by an antibody specifically reactive to the effector site sequence of p2l1 that is also contained in rap (Fig. 1) . Antibodies specifically reactive to two other ras-related GTP-binding proteins found in platelets, G25K and rac-1 (19, 24) , did not react with the purified rap preparation (Fig. 1) .
The identification of rap in HL60 cells prompted the analysis offractions from these cells for rap GAP activity. As identified previously in cytosol from brain (14) , a rap GAP activity was detected in the cytosol from the HL60 cell. In addition, activity was also detected in plasma membranes isolated from these cells. We estimated that the membraneassociated activity is :413% of that found in the cytosol from the same cell preparation (data not shown). The membranes were washed with buffered salt solutions to determine how tightly the GAP activity was associated with them. The rap GAP activity was quantitatively retained in the membrane following washes with buffered 1 M NaCl or 1 M LiCl containing 20 mM EDTA but was lost when membranes were treated with detergent (data not shown). After examining the efficacy of various buffered detergent solutions it was found that a combination of 0.5% NP-40 and 0.5% deoxycholate produced the highest yields of soluble rap GAP activity extracted from the plasma membranes. The extract markedly stimulated the GTPase activity of rap, although the degree of stimulation was difficult to calculate as rap did not exhibit detectable GTPase activity in the absence of GAP under these conditions (Fig. 2) . The rap GAP activity increased linearly with added protein but then deviated from linearity if more than =70% of the GTP bound to rap was hydrolyzed (Fig. 2 Inset) .
It was possible that the presence of the rap GAP activity in the plasma membrane and cytosolic fractions resulted from the differential localization of the same protein. To address this, freshly prepared samples of the membrane-derived and cytosolic rap GAP were subjected to size-exclusion chromatography under identical conditions. The cytosolic preparation was equilibrated in the detergent extraction buffer used to solubilize the membrane-bound rap GAP prior to its injection onto the column. The two forms of rap GAP migrated with radically different mobilities on the SEC-250 HPLC column (Fig. 3A) . The stokes radii ofthe cytosolic and membrane-derived rap GAPS were estimated to be 54 and 36 A, respectively (Fig. 3B ).
Since the membrane-associated rap GAP could be solubilized from the plasma membrane in an active form we undertook its purification from this source using successive steps of column chromatography in the presence of deter- gent. The details of the purification are described under Experimental Procedures. Due to the inability of most proteing to adsorb to the S Sepharose cation-exchange resin at pH 6.5, a high degree ofpurification ofrap GAP was achieved with this first step. Greater than 95% of the total protein applied to this resin was eluted in the flow-through fractions; however, the rap GAP activity was quantitatively adsorbed and three peaks of activity were recovered on elution with NaCi (Fig. 4) . The fractions containing the highest levels of activity were pooled and chromatographed on a Mono Q column from which two peaks of activity were eluted (not shown). The second peak, eluting within the NaCI gradient, was not further purified. The first peak of activity, eluted during the isocratic wash, was applied to a hydroxylapatite HPLC column. The column was developed with a gradient of potassium phosphate and a single peak of rap GAP activity was eluted (Fig. 5A) . SDS/PAGE analysis revealed the presence oftwo major polypeptides with molecular masses of -88 and -60 kDa in the fractions containing the rap GAP activity (Fig. 5B) . The rap GAP eluted from the hydroxylapatite column was concentrated and applied to an SEC-250 size-exclusion HPLC column. The rap GAP activity eluted as a single peak that corresponded closely to the elution of the 88-kDa polypeptide contained in fractions [18] [19] [20] (Fig. 6) . The 60-kDa protein, contained in the hydroxylapatite pool, eluted in fractions 15 and 16, which were outside of the area of the GAP activity peak. A minor polypeptide with molecular mass of -64 kDa was also noted in fractions 18 and 19 (Fig. 6B) . However, the elution pattern of this protein did not corre- spond closely to the rap GAP activity. Moreover, the 64-kDa protein was not present in the rap GAP fractions eluted from the hydroxylapatite column (Fig. 5B) , suggesting that it was generated between chromatography steps or during sample manipulation. A summary of the purification through the hydroxylapatite step is shown in Table 1 . Based on these calculations, rap GAP is a relatively minor protein component in the plasma membrane from HL60 cells and constitutes <0.05% of the total membrane protein.
We tested the purified rap GAP for activity toward the GTP-bound forms of p211, rhoB, G25K, and rac-1. Greater than 95% of the GTP bound to rap was hydrolyzed relative to buffer control but no activity was detected with the other GTP-binding proteins. Because the GAP assay used in this study is based on the quantitation of [y-32P]GTP remaining bound to rap, an increase in the dissociation of [Iy-32P]GTP could be interpreted as an increase in GTP hydrolysis. To address this, the purified rap GAP preparations were also tested using [a-32]GTP bound to rap. No loss of bound radioactivity was noted in response to rap GAP (data not shown).
DISCUSSION
We have identified a rap GAP activity that is tightly associated with plasma membranes isolated from differentiated HL60 cells. This protein, tentatively referred to here as rap GAPm, is distinct from the GAPs specific for p21l (5) and rhoB (13) . rap GAPm did not stimulate the GTPase activity of either p21as or rhoB. Moreover, the molecular mass of The purification of rap GAPm resulted in the identification of an 88-kDa protein on SDS/PAGE analysis. The comigration of this 88-kDa polypeptide with the rap GAP activity can be seen on the hydroxylapatite and SEC-250 column chromatography profiles. The purification of rap GAPm from HL60 cell membranes was carried out three times under similar conditions and the 88-kDa polypeptide was identified in the final chromatography steps from all three preparations. It is unclear why the 88-kDa band appeared diffuse or as a doublet. However, this was observed to varying degrees in all preparations and thus may reflect proteolysis, deglycosylation, or some other modification that occurred during purification. It is difficult to determine if this 88-kDa protein represents the intact rap GAPm as it exists in the plasma membrane. Our results show that the crude, freshly solubilized rap GAPmnhad a mobility similar to that of the highly purified rap GAPm on size-exclusion chromatography (compare Figs. 6A and 3A) . This suggests that the rap GAPm is not severely degraded during purification. However, even though precautions were taken to prevent proteolysis it cannot be ruled out that degradation occurred during detergent extraction of the membrane proteins.
It has been suggested that GAPs may serve as downstream effector targets for their activated GTP-binding proteins (8, 9) . Because no specific function has yet been ascribed to rap it is difficult to speculate on the relevance of a membranebound effector target for this GTP-binding protein. It is possible that rap GAPm supports a signal transduction process. That rap is known to be phosphorylated by cAMPdependent kinase (29) suggests a link to adenylate cyclasecoupled signaling systems. There is also recent evidence to suggest that rap is associated with cytochrome b in neutrophils and may therefore be involved in the production of superoxide anion by these cells (30) . In addition, it is possible that rap GAPm may serve as a signal terminator for the vectorial transport of vesicles or rap-associated molecules to plasma membrane. However, this is difficult to envision in light of the abundant rap GAP present in the cell cytosol.
